.
Early clinical experience with a novel class I RAF-selective inhibitor, PLX4032, demonstrated an unprecedented 80% anti-tumour response rate among patients with B-RAF(V600E)-positive melanomas, but acquired drug resistance frequently develops after initial responses 2 . Hypotheses for mechanisms of acquired resistance to B-RAF inhibition include secondary mutations in B-RAF(V600E), MAPK reactivation, and activation of alternative survival pathways [3] [4] [5] . Here we show that acquired resistance to PLX4032 develops by mutually exclusive PDGFRb (also known as PDGFRB) upregulation or N-RAS (also known as NRAS) mutations but not through secondary mutations in B-RAF(V600E). We used PLX4032-resistant sub-lines artificially derived from B-RAF(V600E)-positive melanoma cell lines and validated key findings in PLX4032-resistant tumours and tumour-matched, short-term cultures from clinical trial patients. Induction of PDGFRb RNA, protein and tyrosine phosphorylation emerged as a dominant feature of acquired PLX4032 resistance in a subset of melanoma sub-lines, patientderived biopsies and short-term cultures. PDGFRb-upregulated tumour cells have low activated RAS levels and, when treated with PLX4032, do not reactivate the MAPK pathway significantly. In another subset, high levels of activated N-RAS resulting from mutations lead to significant MAPK pathway reactivation upon PLX4032 treatment. Knockdown of PDGFRb or N-RAS reduced growth of the respective PLX4032-resistant subsets. Overexpression of PDGFRb or N-RAS(Q61K) conferred PLX4032 resistance to PLX4032-sensitive parental cell lines. Importantly, MAPK reactivation predicts MEK inhibitor sensitivity. Thus, melanomas escape B-RAF(V600E) targeting not through secondary B-RAF(V600E) mutations but via receptor tyrosine kinase (RTK)-mediated activation of alternative survival pathway(s) or activated RAS-mediated reactivation of the MAPK pathway, suggesting additional therapeutic strategies.
We selected three B-RAF(V600E)-positive parental (P) cell lines, M229, M238 and M249, exquisitely sensitive to PLX4032-mediated growth inhibition in vitro and in vivo 6 , and derived PLX4032-resistant (R) sub-lines by chronic PLX4032 exposure. In cell survival assays, M229 R, M238 R and M249 R sub-lines displayed strong resistance to PLX4032 (GI 50 , the concentration of drug that inhibits growth of cells by 50%, not reached up to 10 mM) and paradoxically enhanced growth at low PLX4032 concentrations, in contrast to parental cells ( Supplementary Fig. 1a ). Morphologically, both M229 R and M238 R sub-lines appear flatter and more fibroblast-like compared to their parental counterparts, but this morphologic switch was not seen in the M249 P versus M249 R4 pair ( Supplementary Fig. 2a ).
There were no secondary mutations in the drug target B-RAF (V600E) observed on bi-directional Sanger sequencing of all 18 B-RAF exons in 15 M229 R (R1-R15), two M238 R (R1 and R2), and one M249 R (R4) acquired resistant sub-lines (Supplementary Table 1 and Supplementary Fig. 3a, left column) . Based on Sanger sequencing, this lack of secondary B-RAF (V600E) mutation along with retention of the original B-RAF(V600E) mutation was confirmed in 16/16 melanoma tumour biopsies (from 12 patients) with clinically acquired resistance to PLX4032 (that is, initial .30% tumour size decrease or partial response, as defined by RECIST (response evaluation criteria in solid tumours) and subsequent progression on PLX4032 dosing; see examples in Supplementary Fig. 4 ) and 5/5 short-term melanoma cultures established from 5 resistant tumours obtained from 4 patients (Supplementary Table 2 ). Given recent reports of B-RAF-selective inhibitors having a growth-promoting effect on B-RAF wild-type tumour cells [7] [8] [9] , retention of the original B-RAF alleles in PLX4032-resistant sub-lines, tissues and cultures indicates that PLX4032 chronic treatment did not select for the outgrowth of a pre-existing, minor B-RAF wild-type sub-population. Furthermore, immunoprecipitated B-RAF kinase activities from resistant sub-lines and short-term cultures were similarly sensitive to PLX4032 as B-RAF kinase activities immunoprecipitated from parental cell lines (Supplementary Fig. 3b ; Pt48 R and Pt55 R resistance to PLX4032 (ref. 10 ) and the pre-clinical analogue PLX4720 (ref. 11) shown in Supplementary Fig. 5a and b, respectively; Pt, patient). These results demonstrate that, in all tested acquired resistant cell lines and cultures, the mutated B-RAF(V600E) kinase lacks secondary mutations and hence retains its ability to respond to PLX4032.
Given that minority PLX4032-resistant sub-populations in tissues may acquire B-RAF(V600E) secondary mutations not detectable by Sanger sequencing, we analysed ''ultra-deep'' (Supplementary Fig. 6 ) and deep ( Supplementary Fig. 7 ) sequences of B-RAF (exons 2-18) using the Illumina platform for 9/11 acquired resistant tumour samples without tumour-matched short-term cultures (one sample, Pt111-010 DP2, intentionally analysed by both methods; DP, disease progression). Ultradeep B-RAF sequencing of five PLX4032-resistant melanoma tissues resulted in every base of exons 2-18 being sequenced at a median coverage of 1273 (273-1283) ( Supplementary Fig. 6a and b) . The known variant, V600E, was detected in all five samples with significantly high non-reference allele frequencies (NAF) ( Supplementary  Fig. 6c ). In all five tissues, exon 13, where the T529 gatekeeper residue 12 is located, was independently amplified and uniquely bar-coded twice. Rare variants (none at the T529 codon; Supplementary Fig. 6d ) detected in these independent exon 13 analyses do not overlap and helped define the true, signal NAF at .4.81% (Supplementary Methods). Furthermore, deep B-RAF (exons 2-18) sequence analysis of PLX4032-resistant melanoma tissues from a whole exome sequencing project resulted in 2,396 base pairs of B-RAF coding regions having coverage $ 103 (average coverage per exon in each tissue shown in Supplementary Fig. 7a ). After filtering, no position harboured a variant with a NAF .4.81%, except for the known V600E mutation in all five resistant samples. Together, these data strongly corroborate the lack of B-RAF(V600E) secondary mutations during the evolution of PLX4032 acquired resistance in the majority of patients and their tumours.
To begin to understand PLX4032-resistance in vitro, we used phosphospecific antibodies to probe the activation status of the RAF downstream effectors, MEK1/2 and ERK1/2 (also know as MAP2K1/2 and MAPK3/ 1, respectively), in parental versus resistant sub-lines, with and without PLX4032 (Fig. 1a) . As expected, PLX4032 induced dose-dependent decreases in p-MEK1/2 and p-ERK1/2 in all parental cells. However, the pattern of MEK-ERK sensitivity to PLX4032 varied among resistant sub-lines, suggesting distinct mechanisms. In contrast to M249 R4, which showed strong resistance to PLX4032-induced MEK/ERK inhibition (suggesting MAPK reactivation), M229 R5 and M238 R1 were both similarly sensitive to PLX4032-induced decreases in the levels of p-MEK1/2 and p-ERK1/2. Gene expression profiling (Fig. 1b) further supported distinct PLX4032 acquired resistant mechanisms represented by M229 R5/M238 R1 versus M249 R4. We first used the gene expression alterations responsive to PLX4032 in parental cells to define a B-RAF(V600E)-responsive gene signature, which is similar to gene sets defined by a MEK1 inhibitor (PD325901) 13 and by PLX4720 (ref. 14; Supplementary Fig. 8 ). Concordant with the western blot results (Fig. 1a) , M249 R4 demonstrated striking resistance to PLX4032 treatment with a gene signature of persistent MEK-ERK activation, whereas both M229 R5 and M238 R1 retained a PLX4032-sensitive gene signature (Fig. 1b) . These data confirm that M229 R5 and M238 R1 share key characteristics of resistance, which are in line with unsupervised clustering of these two resistant sub-lines in genome-wide, differential expression patterns ( Supplementary Fig. 9 ).
Gene set enrichment analysis demonstrated an enrichment of RTKcontrolled signalling in M229 R5 and M238 R1 but exclusive of M249 R4 (Supplementary Table 3 ). Unsupervised clustering of the receptor tyrosine kinome gene expression profiles showed that M229 R5 and M238 R1 clustered away from M229 and M238 parental cell lines largely based on higher expression levels of KIT, MET, EGFR and PDGFRb ( Supplementary Fig. 10a , yellow highlight). RNA upregulation of these four RTKs was consistently not associated with genomic DNA (gDNA) copy number gain (Supplementary Fig. 10b ). Of these four candidate RTKs, EGFR and PDGFRb protein levels were overexpressed ( Fig. 2a,  left; Fig. 3b; Supplementary Fig. 10c ), but only PDGFRb displayed elevated activation-associated tyrosine phosphorylation in a phospho-RTK array (Fig. 2a, right) . PDGFRb RNA upregulation was a common feature among additional M229 R and M238 R sub-lines ( Supplementary Fig.  11a ) but could not be observed in any of ten randomly selected parental melanoma cell lines ( Supplementary Fig. 11b ). Interestingly, tyrosine phosphorylation of PDGFRb correlated with an upregulation of a gene signature unique to PDGFRb (ref. 15; Supplementary Fig. 12 ) but is not due to mutational activation, as PDGFRb cDNAs derived from M229 R5, M238 R1 and Pt48 R are wild type (Supplementary Table 1) .
We then validated our in vitro finding in vivo by studying clinical trial patient-derived samples (Supplementary Table 2 ; Fig. 2b ) and tumour-matched short-term cultures ( Fig. 2c and d ). In 4/11 available, paired biopsy specimens, the resistant tumours showed a tumourassociated overexpression of PDGFRb compared to the baseline tumour in the same patients ( Fig. 2b ; Supplementary Table 2 and Supplementary Fig. 13 ). PDGFRb-positive areas of tissue sections were consistently strongly positive for S100 or MART1 (melanoma markers; MART1 is also known as MLANA ) but lacked CD31 (an endothelial, platelet, macrophage marker, also known as PECAM1 ) staining (data not shown). We were able to validate this finding further in an available short-term culture (Pt48 R) derived from a PLX4032-resistant, PDGFRb-positive tumour. Pt48 R was established from an intracardiac mass progressing 6 months after initiating treatment with PLX4032. 
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The Pt48 R short-term culture demonstrated clear overexpression of PDGFRb RNA (Fig. 2c ), protein and p-Tyr levels (Fig. 2d) . In M249 R4, we sequenced all exons of N-RAS, K-RAS (also known as KRAS) or H-RAS (also known as HRAS) (to include codons 12, 13, and 61 as well as mutational hotspots of emerging significance 16 ) and MEK1 (ref. 17 ; Supplementary Table 1 and data not shown) because we proposed a resistance mechanism reactivating MAPK despite not having a secondary B-RAF mutation. Interestingly, M249 R4 harbours a N-RAS(Q61K) activating mutation not present in the parental M249 cell line (Fig. 3a) . We found N-RAS mutations in 2/16 acquired resistant biopsy samples (note that both came from Pt55; Supplementary Table 2 and Supplementary Fig. 14) . A N-RAS(Q61K) mutated sample, Pt55 DP1 (for disease progression 1) was obtained from a biopsy taken from an isolated, nodal metastasis that partially regressed on PLX4032 but increased in size 10 months after starting on therapy with PLX4032 ( Supplementary Fig. 4a ). This patient continued on therapy with PLX4032 until 6 months later, when several other nodal metastases developed ( Supplementary Fig. 14a, b) . Analysis of a biopsy taken at a second progression site (Pt55 DP2) demonstrated a different mutation in N-RAS, N-RAS(Q61R) (Supplementary Fig. 14b ). Both Pt55 DP1 and DP2 tissue N-RAS mutations were confirmed in their respective short-term cultures, Pt55 R and Pt55 R2 ( Fig. 3a and Supplementary  Fig. 14b ). Also, both DP1 and DP2 (and their respective cultures) harboured increased N-RAS gDNA copy numbers ( Supplementary  Fig. 14c and d) . Both Pt55 R and Pt55 R2 also showed increased N-RAS RNA ( Supplementary Fig. 14e ) and protein levels (Fig. 3b) . In addition, N-RAS(Q61K) mutation in M249 R4 and Pt55 R correlated with a marked increase in activated N-RAS levels (Fig. 3b) . Of note, the N-RAS mutations were mutually exclusive with PDGFRb overexpression in all samples (Supplementary Table 2 ). 
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Knockdown of PDGFRb or N-RAS using small interfering RNA (siRNA) pools preferentially growth-inhibited melanoma cells with upregulated PDGFRb or N-RAS, respectively ( Supplementary Fig. 15a , b and Supplementary Table 4). We then selected two resistant sub-lines or cultures to test the effects of individual PDGFRb and N-RAS short hairpin RNAs (shRNAs; Fig. 4a and b, respectively) . Stable knockdown of PDGFRb caused an admixture of G0/G1 cell cycle arrest (in a MEK inhibitor-dependent manner due to compensatory signalling; Supplementary Fig. 16a and data not shown) and apoptosis in M229 R5 and a G0/G1 cell cycle arrest in M238 R1. This effect was specific, as stable PDGFRb knockdown in M249 R4 and Pt55 R did not result in G0/G1 cell cycle arrest (Supplementary Fig. 17a ). In contrast, stable N-RAS knockdown resulted in a predominantly apoptotic response in M249 R4 and Pt55 R (Fig. 4b) but not in M229 R5, M238 R1 or Pt48 R (Supplementary Fig. 17b ). Moreover, stable N-RAS knockdown markedly conferred PLX4032 sensitivity to M249 R4 and Pt55 R but had no effect on M229 R5 PLX4032 resistance ( Supplementary Fig. 18a ). Flag-N-RAS(Q61K) stable overexpression conferred PLX4032 resistance in the M249 parental cell line ( Supplementary Fig. 18b ), whereas stable PDGFRb-MYC overexpression conferred reduced PLX4032 sensitivity in both M229 and M238 parental cell lines (Supplementary Fig. 19 ).
We then asked whether N-RAS-dependent growth and reactivation of the MAPK pathway ( Fig. 1a and Supplementary Fig. 20 ) would selectively sensitize M249 R4 and Pt55 R to MEK inhibition. Indeed, whereas the growth of M229 R5, M238 R1 and Pt48 R was uniformly highly resistant to the MEK inhibitor AZD6244 (and U0126, Supplementary Fig. 21 ), the growth of M249 R4 and Pt55 R was sensitive to MEK inhibition in the presence of PLX4032 (Fig. 4c) or absence of PLX4032 ( Supplementary Fig. 22 ). It is known that activated N-RAS in melanoma cells uses C-RAF (also known as RAF1) over B-RAF to and M238 R1 (1 mM PLX4032), RNA (relative to GAPDH) and protein knockdown, effects on p-ERK levels, cell cycle distribution, and apoptosis (when applicable). M229 R5 was also treated with 0.5 mM AZD6244. PI, propidium iodide. b, Transduction of N-RAS shRNAs in M249 R4 and Pt55 R (1 mM PLX4032), RNA and protein knockdown, effects on p-ERK levels and apoptosis. c, Survival curves for isogenic cell line pairs and melanoma cultures treated with the indicated AZD6244 concentration for 72 h (relative to DMSO-treated controls; mean 6 s.e.m., n 5 5). PLX4032-resistant cells were grown with PLX4032. Dashed line, 50% cell killing.
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signal to MEK-ERK 18 . Thus, N-RAS activation would be capable of bypassing PLX4032-inhibited B-RAF, reactivating the MAPK pathway. It is worth noting that PDGFRb-upregulated, PLX4032-resistant melanoma sub-lines (M229 R5 and M238 R1) and culture (Pt48 R) are resistant not only to AZD6244 but also to imatinib, which is at least partially due to rebound, compensatory survival signalling (Supplementary Fig. 23 and unpublished observations, H.S. and R.S.L.).
We propose (Supplementary Fig. 1b) that B-RAF(V600E)-positive melanomas, instead of accumulating B-RAF(V600E) secondary mutations, can acquire PLX4032 resistance by (1) activating an RTK (PDGFRb)-dependent survival pathway in addition to MAPK, or (2) reactivating the MAPK pathway via N-RAS upregulation. These two mechanisms account for acquired PLX4032 resistance in 5/12 patients in our study cohort, and additional mechanisms await future discovery. Some patients who relapse on PLX4032 are already being enrolled in a phase II MEK inhibitor trial (ClinicalTrials.gov identifier NCT01037127) based on the assumption of MAPK reactivation. Our findings directly imply a strategy to stratify patients who relapse on PLX4032 and should prompt a search for rational combinations of targeting agents most optimal for distinct mechanisms of acquired resistance to PLX4032 as well as other B-RAF inhibitors (for example, GSK2118436) in clinical development.
METHODS SUMMARY
Cell culture, infections and compounds. Cells were maintained in Dulbecco's modified Eagle medium (DMEM) with 10 or 20% fetal bovine serum and glutamine. shRNAs were sub-cloned into the lentiviral vector pLL3.7 and infections carried out withprotaminesulphate.StocksofPLX4032(Plexxikon)andAZD6244(commercially available) were made in DMSO. Cells were quantified using CellTiter-GLO Luminescence (Promega). Protein detection. Western blots were probed with antibodies against p-MEK1/2 (S217/221), MEK1/2, p-ERK1/2 (T202/Y204), ERK1/2, PDGFRb, and EGFR (Cell Signaling Technologies), and N-RAS (Santa Cruz Biotechnology), pan-RAS (Thermo Scientific) and tubulin (Sigma). p-RTK arrays were performed according to the manufacturer's recommendations (Human Phospho-RTK Array Kit, R&D Systems). For PDGFRb immunohistochemistry, paraffin-embedded formalin-fixed tissue sections were antigen-retrieved, incubated with a PDGFRb antibody followed by horseradish peroxidase-conjugated secondary antibody (Envision System, DakoCytomation). Immunocomplexes were visualized using the DAB (3,39-diaminobenzidine) peroxidase method and nuclei haematoxylin-counterstained. For activated RAS pull-down, lysates were incubated with beads coupled to glutathione-S-transferase (GST)-RAF-1-RAS-binding domain of RAF1 (RBD) (Thermo) for 1 h at 4 uC. RNA quantifications. For real-time quantitative PCR, total RNA was extracted and cDNA quantified. Data were normalized to tubulin and GAPDH levels. Relative expression is calculated using the delta-Ct method. For RNA expression profiling, total RNAs were extracted, and generated cDNAs were fragmented, labelled and hybridized to the GeneChip Human Gene 1.0 ST Arrays (Affymetrix). Expression data were normalized, background-corrected, and log 2 -transformed for parametric analysis. Differentially expressed genes were identified using significance analysis of microarrays (SAM) with the R package 'samr' (false discovery rate (FDR) , 0.05; fold change . 2). Cell cycle and apoptosis. For cell cycle analysis, cells were fixed, permeabilized and stained with propidium iodide (BD Pharmingen). Cell cycle distribution was analysed by Cell Quest Pro and ModiFit software. For apoptosis, cells were costained with Annexin V-V450 and propidium iodide (BD Pharmingen). Data were analysed with the FACS Express V2 software.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Cell culture, lentiviral constructs and infections. All cell lines were maintained in DMEM with 10% or 20% (short-term cultures) heat-inactivated FBS (Omega Scientific) and 2 mmol l 21 glutamine in humidified, 5% CO 2 incubator. To derive PLX4032-resistant sub-lines, M229 and M238 were seeded at low cell density and treated with PLX4032 at 1 mM every 3 days for 4-6 weeks and clonal colonies were then isolated by cylinders. M249 R was derived by successive titration of PLX4032 up to 10 mM. PLX4032-resistant sub-lines and short-term cultures were replenished with 1 mM PLX4032 every 2 to 3 days. shRNAs were sub-cloned into the lentiviral vector pLL3.7. N-RAS(Q61K) mutant overexpression construct was made by PCRamplifying from M249 R4 cDNA and sub-cloning into the lentiviral vector (UCLA Vector Core), creating pRRLsin.cPPT.CMV.hTERT.IRES.GFP-Flag-Q61K NRAS. Wild-type PDGFRb overexpression construct was PCR-amplified from cDNA and sub-cloned into a lentiviral vector (Clontech), creating pLVX-Tight-PuroPDGFRb-Myc. Lentiviral constructs were co-transfected with three packaging plasmids into HEK293T cells. Infections were carried out with protamine sulphate. Cellular proliferation, drug treatments and siRNA transfections. Cell proliferation experiments were performed in a 96-well format (five replicates), and baseline quantification performed at 24 h after cell seeding along with initiation of drug treatments (72 h). Stocks and dilutions of PLX4032 (Plexxikon), AZD6244 (Selleck Chemicals)and U0126 (Promega) were made in DMSO. siRNA pool (Dharmacon) transfections were carried out in 384-well format. TransIT transfection reagent (Mirus) was added to each well and incubated at 37 uC for 20 min. Subsequently, cells were reverse transfected, and the mixture was incubated for 51-61 h at 37 uC. Cells were quantified using CellTiter 96 Aqueous One Solution (Promega) or CellTiter-GLO Luminescence (Promega) following the manufacturer's recommendations. Protein detection. Cell lysates for western blotting were made in RIPA (Sigma) with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails I and II (Santa Cruz Biotechnology). Western blots were probed with antibodies against p-MEK1/2 (S217/221), total MEK1/2, p-ERK1/2 (T202/Y204), total ERK1/2, PDGFRb, and EGFR (all from Cell Signaling Technologies), B-RAF and N-RAS (Santa Cruz Biotechnology), pan-RAS (Thermo Scientific) and tubulin (Sigma). p-RTK arrays were performed according to the manufacturer's recommendations (Human Phospho-RTK Array Kit, R&D Systems). For PDGFRb immunohistochemistry, paraffin-embedded formalin fixed tissue sections were subjected to antigen retrieval and incubated with a rabbit monoclonal anti-PDGFRb antibody (Cell Signaling Technology) followed by labelled anti-rabbit polymer horseradish peroxidase (Envision System, Dako Cytomation). Immunocomplexes were visualized using the DAB (3,39-diaminobenzidine) peroxidase method and nuclei haematoxylin-counterstained. In vitro kinase assay. Cells were harvested and protein lysates prepared in a NP40-based buffer before subjected to immunoprecipitation (IP). IP beads were then resuspended in ADBI buffer (with Mg/ATP cocktail) and incubated with an inactive, recombinant MEK1 or a truncated RAF-1 (positive control) (Millipore), and with DMSO or 1 mM PLX4032 for 30 min at 30 uC. The beads were subsequently pelleted and the supernatant resuspended in sample buffer for western blotting to detect p-MEK and total MEK. Activated RAS pull-down assay. Melanoma lysates were incubated with glutathione agarose beads coupled to 80 mg GST-RAF-1-RBD (Thermo) for 1 h at 4 uC. As controls, Pt48 R lysate was pre-incubated with either 0.1 mM GTPcS (positive control) or 1 mM GDP (negative control) in the presence of 10 mM EDTA (pH 8.0) at 30 uC for 15 min. Reactions were terminated by adding 60 mM MgCl 2 . After washing with Wash Buffer (Thermo), proteins bound to beads were eluted by protein sample buffer. RAS or NRAS levels were detected by immunoblotting. Quantitative real-time PCR for relative RNA levels. Total RNA was extracted using the RiboPure Kit (Ambion), and reverse transcription reactions were performed using the SuperScript First-Strand Synthesis System (Invitrogen). Realtime PCR analyses were performed using the iCycler iQ Real Time PCR Detection System (BioRad) (Supplementary Table 5 ). To discriminate specific from nonspecific cDNA products, a melting curve was obtained at the end of each run. Data were normalized to tubulin and/or GAPDH levels in the samples in duplicates. Relative expression is calculated using the delta-Ct method using the following equations: DCt(Sample) 5 Ct(Target) 2 Ct(Reference); relative quantity 5 2 -DCt . Quantitative real-time PCR for relative DNA copy numbers. gDNAs were extracted using the FlexiGene DNA Kit (Qiagen) (Human Genomic DNAFemale, Promega). NRAS relative copy number was determined by quantitative PCR (cycle conditions available upon request) using the MyiQ single colour RealTime PCR Detection System (Bio-Rad). Total DNA content was estimated by assaying b-globin for each sample (Supplementary Table 5 ), and 20 ng of gDNA was mixed with the SYBR Green QPCR Master Mix (Bio-Rad) and 2 pmol l 21 of each primer.
Sequencing. gDNAs were isolated using the Flexi Gene DNA Kit (QIAGEN) or the QIAamp DNA FFPE Tissue Kit. B-RAF and RAS genes were amplified from genomic DNA by PCR. PCR products were purified using QIAquick PCR Purification Kit (QIAGEN) followed by bi-directional sequencing using BigDye v1.1 (Applied Biosystems) in combination with a 3730 DNA Analyzer (Applied Biosystems). PDGFRb was amplified from cDNA by PCR and sequenced (primers listed in Supplementary Table 1) . B-RAF ultra-deep sequencing. Exon-based amplicons were generated using Platinum high-fidelity Taq polymerase, and libraries were prepared following the Illumina library generation protocol version 2.3. For each sample, one library was generated with 18 exons pooled at equal molarity and another library was generated for exon 13 only for validation purpose. Each library was indexed with an unique four base long barcode within the custom made Illumina adaptor. All 10 indexed samples were pooled and sequenced on one lane of Illumina GAIIx flowcell for single-end 76 base pairs. For error rate estimation, phiX174 genome was spiked in. Base-calling was performed by Illumina RTA version 1.8.70. Alignment was performed using the Novocraft Short Read Alignment Package version 2.06 (http://www.novocraft.com/index.html). First, all reads were aligned to the phiX174 reference genome downloaded from the NCBI. The mismatch rates at each position of the reads were calculated to estimate the error rate of the sequencer (set at 1.67% or five standard deviations, SD) based on the phiX genome data (mean error rate 5 0.57%, s.d. 5 0.22%). Then, the .qseq.txt files were converted into .fastq file using a custom script (available on request) and during this process, the first 5 bases (unique 4-base barcode and the T at the fifth position) were stripped off from the reads and concatenated to the read name. The .fastq file was parsed into 10 .fastq files for each barcode and only the reads with the first 5 bases perfectly matching any of the 10 barcodes were included. Each .fastq file was aligned to chromosome 7 fasta file, generated from the Human Genome reference sequence (hg18, March 2006, build 36.1) downloaded from the Broad Institute(ftp://ftp.broadinstitute.org/pub/gsa/gatk_resources.tgz)usingtheNovoalign program. Base calibration option was used, and the output format was set to SAM. Using SAMtools (http://samtools.sourceforge.net/), the .sam files of each lane were converted to .bam files and sorted, followed by removal of potential PCR duplicates using Picard (http://picard.sourceforge.net/). The true background rate was inferred from analysis of independent exon 13 amplicons. None of the 14 positions within exon 13 that had non-reference allele frequency (NAF) . 1.67% in allexon-samples were validated in the exon13-only samples and vice versa for the one position in the exon 13-only sample, inferring that the true background error rate could be higher at 4.81% (5s.d., mean error rate 5 2.72%, s.d. 5 0.4%). In total, 12 positions had NAF . 4.81%, and none of them recurred at the same position. We note that the four sample gDNAs extracted from formalin-fixed paraffinembedded (FFPE) blocks had 5-6 times more variants with NAF above background than the sample extracted from frozen tissue, and the 12 positions with NAF .4.81% were scattered only across the FFPE samples. The numbers of variants within and outside the kinase domain were not significantly different. B-RAF deep sequence from whole exome sequence analysis. Genomic libraries were generated following the Agilent SureSelect Human All Exon Kit Illumina Paired-End Sequencing Library Prep Version 1.0.1 protocol at the UCLA Genome Center. Agilent SureSelect All Exon ICGC version was used for capturing ,50 megabase (Mb) exome. The Genome Analyzer IIx (GAIIx) was run using standard manufacturer's recommended protocols. Base-calling was done by Illumina RTA version 1.6.47. Two lanes of Illumina single end (SE) run were generated for each of Pt111-001 normal, baseline and DP2 samples, and one lane of Illumina paired end (PE) run was generated for each of Pt111-001 DP1, DP3 as well as Pt111-010 normal, baseline, DP1 and DP2 samples. Alignment was performed using the Novocraft Short Read Alignment Package version 2.06. Human Genome reference sequence (hg18, March 2006, build 36.1), downloaded from the UCSC genome database located at http://genome.ucsc.edu and mirrored locally, was indexed using novoindex program (-k 14 -s 3). Novoalign program was used to align each lane's qseq.txt file to the reference genome. Base calibration option and adaptor stripping option for paired-end run were used and the output format was set to SAM. Using SAMtools (http://samtools.sourceforge.net/), the .sam files of each lane were converted to .bam files, sorted and merged for each sample and potential PCR duplicates were removed using Picard (http://picard.sourceforge.net/). The .bam files were filtered for SNV calling and small INDEL calling to reduce the likelihood of using spuriously mis-mapped reads to call the variants. For the .bam file to call SNVs, the last 5 bases were trimmed and only the reads lacking indels were retained. For the .bam file to call small INDELs, only the reads containing one contiguous INDEL but not positioned at the beginning or the end of the read were retained. SOAP consensus-calling model implemented in SAMtools was used to call the variants, both SNVs and indels, and generate the .pileup files for each .bam file. Coding regions 6 2 bp of B-RAF gene were extracted RESEARCH LETTER
